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PREFACE

In this rapidly changing world, effective governmental organizations must constantly
anticipate and regularly plan for the future. For NASA, the process of doing this has become
particularly challenging. Global economic strategies have greatly increased the need for
cooperative partnerships to provide adequate resources for space science and exploration
programs. Nationally, both fiscal considerations and an underlying Administration mandate to
reinvent government have caused reorganization and privatization within NASA of an unparalleled
magnitude. NASA's focus is to emphasize completing missions faster, cheaper and better, without
compromise to safety or scientific value.

Clearly, our technology strategies must correspondingly change with this revised set of
paradigms. Today's technological advances provide ample opportunities to improve the ways in
which NASA carries out its responsibilities and serves its customers. NASA's future technology
emphasis must focus on dual-use activities; that is, technology must be transferred or leveraged
with other government agencies, industrial partners, international counterparts, and academia to
share costs, exchange technical knowledge, support a growing economy, and provide
technological leadership for our nation. NASA now has the opportunity, as never before, to shop
the marketplace for technologically sophisticated data and information communications systems
and services. The competitiveness of commercial ventures, such as those ignited by the
deregulation of the telephone industry, has shifted the burden of continuously developing cutting-
edge technology from government to the commercial sector.

The rapidly evolving worlds of terrestrial and satellite systems communication technologies
described in this report provide many potential opportunities for shopping the market place. For
terrestrial networks, new technologies continue to support the ever increasing demand for
bandwidth. In addition, a shift from private to public networks is underway as public networks
achieve higher levels of availability and reliability, and offer a flexible menu of services. As for
satellite communications, this report discusses over $18B in investments for low Earth orbiting
data and voice communications systems. In general, the distinctions among long- and short-haul
carriers, telephone and cable operators, wireless and wired networks, data and video are becoming
increasingly blurred. Private investments in communications infrastructure now significantly
exceed the budget for communications investments in agencies the size of NASA.

This is the third volume of a series of technology applications reports. These reports focus
on the continuing effort to predict and understand technology trends to better plan development
strategies. The objectives of this series of documents are to: (1) validate, revise or expand relevant
technology forecasts; (2) develop applications strategies to incorporate new technologies into our
programs; and, (3) accomplish Agency goals while stimulating and encouraging development of
commercial technology sources. Volumes I, II and III, together with a future Volume IV,
summarize several studies relevant to communication and data processing technologies selected for
their appropriateness to meet our challenges.

Comments from interested parties would be especially appreciated, and may be directed to
NASA Headquarters, Dr. Albert R. Miller, at (202) 358-4804, or to NASA Lewis Research
Center, Ms. Denise S. Ponchak, at (216) 433-3465.

D Al R, 9l

Dr. Albert R. Miller

Assistant Associate Administrator (Plans)
Office of Space Communications

NASA Headquarters
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FOREWORD

The National Aeronautics and Space Administration (NASA) is a major user of
communications and information systems technology. NASA requirements are growing rapidly as
missions and scientific instruments become more complex and data processing intensive. NASA
information systems typically have long life cycles not only because of the nature of the science
missions and the realities of the funding process, but because missions are delayed or expected
lifetimes are exceeded. Systems development is complicated by the fast pace of technological
change, exemplified by the doubling in performance of microprocessors as quickly as every 18
months, popularly referred to as Moore’s Law. Systems may become obsolete early in the life
cycle, unless the capability to upgrade is designed in from the beginning. Waiting, for example,
10 years to upgrade a system because of budget constraints may no longer be affordable, since the
changes in technology may make it nearly impossible to salvage existing software, which is a
major investment cost. In order to be able to plan for upgrades to major systems, data are needed
to project the future performance levels of communications and data processing systems and related
components. Ultimately, such data may be used to build a model for technological change that
would allow planners to make informed estimates of system cost many years in advance. This
information would permit the immediate insertion of new technology while it is still state of the art.

NASA’s Office of Space Communications (OSC) is tasked to conduct this planning process
to meet NASA’s science mission and other communications and data processing requirements. A
set of technology trend studies was undertaken by Science Applications International Corporation
(SAIC) for OSC to identify quantitative data that can be used to predict performance of electronic
equipment in the future to assist in the planning process. Only commercially available, off-the-
shelf technology was included. For each technology area considered, the current state of the
technology is discussed, future applications that could benefit from use of the technology are
identified, and likely future developments of the technology are described. The impact of each
technology area on NASA operations is presented together with a discussion of the feasibility and
risk associated with its development. An approximate timeline is given for the next 15 to 25 years
to indicate the anticipated evolution of capabilities within each of the technology areas considered.
The steep rate of change projected in some technology areas underscores the need for such data for
the purpose of planning information systems. Another beneficial result of the data collection effort
is the insight it provides to areas where breakthroughs are likely to occur in key technologies.

The study findings are organized into separate volumes. Volume I consists of four chapters:
two chapters devoted to computers at the physical and system levels, respectively, and one chapter
each devoted to data storage and photonics technologies. Volume II also contains four chapters:
one each on technology trends for database systems, computer software, neural and fuzzy
systems, and artificial intelligence. This volume, Volume III, contains two chapters: one on
technology-driven terrestrial telecommunications services, and one devoted to advanced mobile
communications services using a variety of communications satellite systems. The principal study
results are summarized at the beginning of each chapter.






CHAPTER 1. TERRESTRIAL TELECOMMUNICATIONS
SERVICES TECHNOLOGY TRENDS

SUMMARY

While asynchronous transfer mode (ATM) has been widely hailed for the past year or two as
the future ubiquitous transmission technology, 1996 has seen the enthusiasm cool somewhat.
Now, more conservative projections point to a gradual introduction of ATM as one of a number of
technological alternatives for meeting growing communication needs. Indeed, it now appears that
hybrid networks, using a combination of transmission technologies, may predominate, even over
the long run. Nevertheless, ATM will find wide applicability because of its many attractive
characteristics, including: scalability to extremely high data rates; ability to handle the entire mix of
voice, data, image, and video traffic; provision of bandwidth-on-demand; and, worldwide support
through the establishment of standards and participation in the ATM Forum. ATM can be used in
both local area and wide area applications and seems to have the broad support of vendors,
carriers, and users.

In the near-term, a number of technologies will be popular, including frame relay, Switched
Multimegabit Data Service (SMDS), and Integrated Services Digital Network (ISDN), as well as
ATM. There are situations in which each is preferable based upon traffic characteristics, cost, and
availability of service. The development of interoperability specifications between these various
technologies will help to ensure that devices using one technology will be able to communicate
with those using a different one.

The demand for increased bandwidth will continue to grow as a result of increased
transmission of large data files, imagery, video and multimedia applications, such as
videoconferencing and collaborative interactive work sessions among participants at remote
locations. While extremely high data rates may not be needed at the desktop, the aggregate traffic
will require gigabit per second capacity in the network backbones. Growth in residential access to
networks such as the Internet, and the phenomenal growth of the Internet itself also spell a need for
more transmission capacity. Fortunately, available bandwidth will grow dramatically as a result of
new technologies to exploit the huge capacity of fiber-optic cable. Some predictions call for a
thousand-fold increase in bandwidth over the next decade.

The trend toward public networks is continuing. Many companies have given up maintaining
private networks in favor of obtaining transmission capacity on an as-needed basis from
commercial carriers. Customers can then benefit from the introduction of new network
technologies such as frame relay, SMDS, and ATM, without having to make large capital
investments.

Prices for telecommunications equipment and service will continue to fall in response to
increased demand and the arrival of more competition resulting from deregulation of the industry.
Opening up the local access market is expected to result in a large increase in the number of
vendors and service providers offering a proliferation of new services.

The Internet will continue its explosive growth. It will be forced to examine changes to its
structure to accommodate this growth. Additional backbone capacity will have to be added at
considerable cost at the same time that the government is backing away from subsidizing Internet
operations. The questions of who will pay and how fees will be structured need to be answered.
Changes in the Internet protocols are underway to address the increased traffic and to provide
additional services in response to users’ needs.

The market will determine which technologies, standards, and applications will dominate in
the future. Historical experience shows that standardization by committee without prior
implementation experience should be avoided.
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1. INTRODUCTION

The increasing demand for more bandwidth that has been reported widely in recent years,
both in the technical literature and by the popular media, is continuing. This demand is fueled by
interest in very data intensive services and applications, such as transmission of bit-mapped
graphics, medical images, computer-aided design and manufacturing files, high-fidelity full-motion
video, multimedia, and the need to interconnect local area networks (LANs). This last need is
exemplified by the surging growth of the Internet, causing tremendous growth in the amount of
network traffic, much of which, thanks to the popularity of the World Wide Web (WWW),
consists of graphic, sound, and video files. This extra traffic demands a high capacity backbone
network to prevent the increasing numbers of users from experiencing intolerably long
transmission delays.

Multimedia traffic tends to be “bursty”, resulting in the need for service with variable on-
demand bandwidth and near-instantaneous connectivity. Multiple types of service are required to
effectively support various applications and requirements. Another trend is a general downsizing
within organizations, for example, a migration from proprietary mainframe to terminal network
traffic to a client-server environment [SITK91]. LAN speeds are poised to transition to the newer
higher rate protocols operating in the 50 to 150 megabits per second (Mbps) range. The demand
for LAN interconnection over wide area networks (WANSs) is booming. The need for wider
bandwidth WAN services has led to the development of new packet switching technologies such as
ATM, capable of handling transmission rates of hundreds of megabits per second and higher.

Satisfying the demand for more bandwidth will not pose a problem according to some
industry observers, notably George Gilder [GILD94]. He feels that we are experiencing a
bandwidth explosion with capacity growing at a rate that exceeds even the dizzying pace at which
computing power has been growing in recent years. The latter has behaved according to the so-
called Moore's Law (after Intel co-founder Gordon Moore) which states that transistor chip
density, and consequently the performance-price ratio of computers, doubles every 18 months.
Available bandwidth, however, will grow at rates from five to 100 times as great.

Bill Gates agrees, going so far as to state, "We'll have infinite bandwidth in a decade's time."
The predicted abundance of bandwidth has interesting implications for future technology
development. Whereas now much of the processing at communications nodes, such as error
detection and correction and data compression, has been dictated by the limited quality and capacity
of the transmission medium, in the future many of these functions will no longer be needed.
Instead of needing to devote resources to communications functions, which usually entails use of
specialized chips, processing power can be devoted to document management, database
manipulation, simulations, or other functions to improve the quality of interactive communications.

Extremely high bandwidth can change the very nature of computing. Processing power can
be distributed over wide areas with the network serving the function of the computer bus or
backplane. Many functions which are now done in hardware for reasons of processing speed can
again be done in software thereby freeing applications from dependence on particular hardware.
Personal computers (PCs) can access databases and libraries on the other side of the world as
easily as they access their own hard disk or CD-ROM. There will be less intelligence in the
backbone network and more in customer premises equipment (CPE) and access networks. We
will realize the slogan of Sun Microsystems that “the network is the computer” [GUID95].

An indication of the surge in commercially available bandwidth is provided by MCL. In 1994
they offered a 2.4 gigabits per second (Gbps) fiber connection to corporate customers. By the end
of 1996 the capacity of the same link is scheduled to rise to 40 Gbps [GILD94]. On the research
front, during 1994 a group at AT&T Bell Laboratories, using erbium-doped amplifiers, achieved
multi-mode optical transmission rates of 340 Gbps (as seventeen 20 Gbps channels) over 150
kilometers (km) with repeaters spaced at 50 km intervals [KOBB95].
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ATM is emerging as the dominant transmission technology to achieve high data rates. It
takes advantage of the high-quality, low-noise transmission media available today, notably optical
fiber. ATM uses a streamlined stripped-down protocol without error correction capability. As a
result of the simplified structure, ATM cells can be switched rapidly using hardware-based
switches. ATM switches from such companies as Fujitsu, AT&T, Fore Systems, and SynOptics
will soon be able to switch ATM cells at up to 2.4 Gbps. Bell Northern Research is investigating
techniques to permit building optical switches with capacities in excess of one terabit per second
(Tbps). The associated architecture incorporates multiple ATM peripheral switches [NORT95].

A strong “bypass” movement—an attempt by corporations to procure WAN services at
below public network rates—occurred in the 1980s. This has prompted a response from the public
telecommunications service companies as they convert to an all-fiber-optics transmission capacity
to provide network services at lower cost, which is more than competitive with private bypass
solutions. This, coupled with the industry trend toward “out-sourcing”, has started a movement
back to the public networks. There are many opportunities on the horizon for technology
insertion—that is, using both public and private network solutions, and low-cost commercial off-
the-shelf equipment.

Below we discuss some of the existing and emerging network technologies, notably ATM,
that will permit the needs for high-speed transmission of information to be met in the future. An
overview of the technologies is presented, with ATM being treated in more depth. Some
applications driving the need for additional bandwidth are described. The related issues of
telecommunications costs, the changing regulatory environment, and the growth and expanding
role of the Internet are explored. The impact of emerging technologies on the National Aeronautics
and Space Administration (NASA) is discussed, including a description of possible risks, and an
approximate timeline for network evolution is presented in the form of a technology road map.

NASA’s challenge is to increase capability by at least an order of magnitude, while
maintaining a flat budget. The sophistication of future scientific data collection systems will soon
outpace the capabilities of existing information systems to collect, process, store, distribute, and
manage the information collected. Information will be collected at rates exceeding the ability of
users to sort, locate, and interpret data. Increasing the productivity of scientists and analysts will
depend upon greater efficiency and effectiveness of the information systems they use. Efficiency
can be increased by bringing data closer to the user in an efficient manner. The key is networking
and communications. Client-server processing is changing the way in which applications
cooperate. Rather than creating communications channels between processes, the exchange of
service requests is preferred [LESN90, MILL87].

2. LONG-RANGE TECHNOLOGY TRENDS
2.1 ANALYSIS OF TRENDS
2.1.1 Local Area Networks

The transition from systems based on centralized mainframes to more distributed
architectures is changing the usage and role of networking. The establishment and maintenance of
connections between network nodes now falls upon the network. More and more complex
applications are migrating to the workstation which in turn makes use of services from the network
(e.g., algorithm computations, file service, and query service). Applications will execute through
use of multi-tasking operating systems such as UNIX. Central processor unit (CPU) speeds and
memory capacity have been growing exponentially in recent years. Storage capacity also has
expanded exponentially, with access rates only improving at a slower logarithmic rate. Gigabit
Jocal storage will be possible through multi-head and multi-platter magnetic and optical techniques.
High-end networks, such as fiber distributed data interface (FDDI) and the high performance
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paralle] interface (HIPPI) will become more common as building blocks of tomorrow’s networks if
market obstacles can be overcome.

Ethernet and Token Ring were in wide use in the mid-to-late 1980s. At first, single isolated
LANs were the norm. As interconnect technology (routers and bridges) developed, LANs
interconnected, usually with a single or multiple backbone LAN. As 1990 approached,
organizations were faced with an overload of LAN backbones as an increasing number of LANs
were interconnected. FDDI was first introduced into modern LAN systems as a higher
performance LAN at 100 Mbps for interconnection among bridges and routers. Workstations
evolved to higher performance levels with advances in reduced instruction set computer (RISC)
architectures and faster memory and disk drive technologies, so networks became constrained by
LAN performance levels again. FDDI is moving to the desktop to solve this problem. It is
anticipated that a follow-on to FDDI will be needed in the future, first as a backbone LAN and later
as a higher performance workstation attachment LAN [FINK92].

Fiber Distributed Data Interface

FDDI is a high-speed data service connecting subscriber LANs in a metropolitan area,
usually over a shared 100 Mbps fiber backbone, but now also available over twisted pair cable (see
below). Connection to the backbone is at standard Ethernet or Token Ring LAN speeds (4 or 16
Mbps for 802.5 Token Ring, or 10 Mbps for 802.3 Ethernet). FDDI eliminates the need for
routing equipment. The span of the network is limited to central offices in a specific geographical
area; network span is up to about 200 km, with up to 2 km between nodes. FDDI topology uses
dual rings for enhanced reliability [BARL92]. The main obstacle to widespread deployment is the
high per-station cost because of the fiber-optic hardware. Costs are expected to decrease as FDDI
shipments increase and more vendors enter the market.

It is possible to extend the reach of FDDI networks by connecting individual FDDI LANs
through bridges and routers. Bell Atlantic has implemented such a service, FDDI Network
Service, in the Washington, DC area. Achieved by interconnecting a number of central offices,
this network has the potential to operate over 12,000 miles of single mode fiber [BELL9S5].

FDDI-II is an enhancement that adds the ability to send multimedia images over FDDI by
providing circuit-switched services or isochronous transmissions. The actual FDDI-II protocol is a
hybrid, providing fixed-length cells that can be reserved for circuit switching multiplexers used by
isochronous services. The technique provides for the carrying of multiple streams of traffic
simultaneously on the dual rings of a FDDI LAN, but allows unassigned cells to be allocated for
packet use [WOLT91]. Despite the added capabilities provided by FDDI-II, little interest by
industry has been shown for this technology. Multimedia capabilities can be better provided by
ATM, for example.

Shielded twisted pair (STP) distributed data interface (SDDI) is a new version of the FDDI
high-speed LAN standard that permits 100 Mbps transmission over copper wire. Companies such
as National Semiconductor Corp., Advanced Micro Devices Inc., and network vendors Chipcom
and SynOptics Communications Inc. hope to capitalize on the installed base of STP wiring,
estimated at 17 million offices worldwide. SDDI connections are less costly than FDDI. SDDI
supports cable lengths of up to 100 meters. It does not require line encoding to meet FDDI
standards for distance and signal integrity. There is also great interest in unshielded twisted pair
[VIOL92].

FDDI is competing with ATM for internetworking of LANs and WANs. ATM proponents
say that FDDI is handicapped by its limited bandwidth, while backers of FDDI claim that its
technology is well understood and its pricing is stable. As these two technologies struggle for
dominance in the marketplace over the next few years, one likely outcome is the emergence of an
ATM backbone network with FDDI LANs connected to this backbone.

1-4



Distributed Queue Dual Bus (DQDB)

DQDB is a dual Token Ring network that works over tens of kilometers or more, with nodes
connected to two optical fibers for each direction. It was developed by the University of Western
Australia in the mid-to-late 1980s. It has been standardized as Institute of Electrical and Electronic
Engineers (IEEE) 802.6 and was designed to achieve rates of 600 Mbps. It provides all stations
on the dual bus with knowledge of frames queued at all other stations, eliminating packet collisions
and dramatically improving throughput [CERF91].

High Performance Parallel Interface (HIPPI)

HIPPI is a gigabit-per-second LAN, originally designed as a channel interface among
computers and collocated devices like frame buffers. HIPPI has progressed quickly toward the
status of a standard due to its simple objective—i.e., simplex, high-speed, point-to-point links—
although it may not achieve its full potential if limited to this objective. The current trend among
vendors is to extend HIPPI using different switching technologies to construct star-topology
LANs.

HIPPI is designed to operate at two speeds, 800 Mbps and 1.6 Gbps. It can run over 50-
pair STP copper cable as well as over single-mode and multi-mode optical fiber. When used over
a point-to-point copper transmission path, distance is limited to 50 m. However, in cascaded
mode, the operating distance can be extended to 200 m over copper, 300 m over multi-mode fiber,
and 10 km over single-mode fiber. Latency is 160 nanoseconds and the cost per switched port 1s
about $2,000. Nowadays, HIPPI use is not limited to connecting supercomputers. There are
several developments linking HIPPI to other LAN and WAN technologies including ATM, Fiber
Channel, and the synchronous optical network (SONET.) HIPPI uses a simple signaling scheme
and is protocol independent. Some recent applications include molecular modeling, animation and
special effects in the movie industry, and the transmission and display of medical images. HIPPI
switches are an accepted technology for LAN interconnect. In a demonstration at the
Supercomputing *94 conference, full motion video was transmitted through a HIPPI switch to a
high-resolution monitor with no loss of quality, at a sustained throughput exceeding 30 Mbps.
Standards committees are currently working on interface standards that would permit the
interconnection of HIPPI LANs with ATM WAN:Ss to provide extremely high-speed end-to-end
connectivity [TOLM95].

2.1.2 Wide Area Networks
Integrated Services Digital Network

ISDN arose as an end-to-end digital extension of the telephone network, originally designed
to handle digitized voice and data. It developed as an evolutionary technology and has been
supported by the establishment of international standards. Since it developed from the telephone-
based integrated digital network, many of the techniques developed for T1 are used in ISDN.
These include 32 or 64 kilobits per second (kbps) signaling rates, transmission codes, and physical
connectors. ISDN has been in development since the mid-1970s and so is more mature than other
technologies discussed below. User equipment connects to the ISDN through a terminal adapter or
terminal interface unit depending upon whether it is a non-ISDN or ISDN terminal.

There are two classes of ISDN service, called Basic Rate Interface (BRI) and Primary Rate
Interface (PRI). BRI consists of two 64 kbps bearer channels and a 16 kbps signaling channel.
PRI consists of 24 64 kbps channels, 23 of which are bearer channels and one of which serves as
the signaling channel, for a total capacity of 1.544 Mbps corresponding to the T1 rate. These
channels are capable of handling all types of data including voice, images, and video. ISDN is
connection-oriented with each call set up and torn down through messages carried on the signaling
channel.

1-5



In the United States ISDN adoption has been limited by lack of availability, expensive
equipment, and limited applications. Now, however, carriers are starting to report a big boost in
ISDN installations resulting from a need for more bandwidth, the existence of a greater number of
ISDN-enabled applications, wider service availability (ISDN can now reach about 75 percent of
lines in service.), and better prices for service and equipment. One application for this technology
is as a back-up for dedicated data links. Another, in use for years, is video telephony. Today,
improved compression algorithms provide acceptable images even at rates of 128 kbps which can
be handled by BRI service. ISDN is also used for occasional high-speed connections, such as in
telemedicine to transmit high-resolution computed axial tomography scans or magnetic resonance
images to a remotely located specialist.

Remaining barriers to wider use of ISDN are: lack of knowledge of the service by many
carrier personnel, the large number of service options and resulting complexity of configuration,
continuing unavailability in some areas far from metropolitan centers, and some continuing
equipment incompatibility problems [LEVI95]. Nevertheless, the future looks positive because the
infrastructure is in place. Some experts feel that ISDN is unlikely to be displaced by emerging
technologies until they are equally ubiquitous — perhaps in another decade [FRAN9S, FLAN9S].

Frame Relay

Frame relay is an interface standard for connecting end-user equipment to a public or private
packet switching network. The software can be implemented on existing X.25 routers and packet
switches. This benefit made it the most quickly adopted protocol in WAN history. It has been
implemented by most LAN router makers and offered or planned for offer by all major carriers and
service providers. Frame relay has a low technical risk because it uses proven technology, has low
initial cost, has low switch hardware cost, and is compatible with existing customer-service-unit
and data-service-unit equipment.

Frame relay is a connection-oriented service providing data rates from 56 kbps to 1.544
Mbps. It employs permanent virtual circuits (PVCs) between fixed locations, and is best suited for
medium-speed, bursty, LAN interconnection applications (e.g., database queries and small to
medium file transfers). Frame relay provides users with T1 access rates at lower cost than for a
leased line. It provides statistical multiplexing of data, regardless of the type of protocol carried,
which is attractive for bursty applications [GARC92]. Frame relay uses variable frame lengths.
Some have argued that it cannot run at rates higher than 10 Mbps due to bit stuffing and high-level
data-link control synchronization issues. As no standard long-distance line rates exist between T1
(1.5 Mbps) and T3 (45 Mbps), frame relay may have reached its maximum throughput at T1
[SHAR92].

Frame relay’s high transmission speed results from performing very few services for the end
user. Today's transmission systems have far fewer errors and problems than did the systems of
the 1970s and 1980s. Advantage is taken of the improvements by eliminating many time-
consuming error correction, editing, and retransmission features. Data management operations.
such as providing acknowledgment (ACK) and negative acknowledgment (NAK) messages,
become the responsibility of the users' equipment. However, frame relay does provide flow
control and connection management, and offers the user bandwidth-on-demand through the
committed information rate (CIR) mechanism. The CIR represents the average traffic the user
expects to send. The carrier guarantees delivery of frames transmitted up to this rate. At higher
rates, frames may be dropped during periods of network congestion, although they will be
delivered if sufficient transmission capacity exists.

Frame relay is well-suited to handle multi-protocol communications. The number of
customer-premises ports required can be reduced since multiple virtual connections can be
established over a single access line. User connection to the frame relay network is typically
through a router. In addition to handling data traffic, for which it was designed, frame relay
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networks are capable of carrying voice traffic and, indeed, some companies have begun to make
such dual use of the network [BELL95].

The use of frame relay services has jumped dramatically from $253 million in 1994 to $800
million in 1995 and is expected to quadruple again in 1996, according to Vertical Systems Group,
a consulting organization. One reason for the popularity of frame relay over faster technologies
such as ATM is that frame relay can handle the speeds that most users need for their networks
today while being widely available with weli-defined standards [FLAN9S).

There has been a slight setback in plans to introduce frame relay switched virtual circuits
(SVCs). The Frame Relay Forum developed an SVC specification but failed to link it with
multipoint applications of interest to its user community. As a result, solutions have to be
implemented using more costly PVCs which are paid for on a continuous basis instead of the as-
needed basis offered by SVCs. At present, neither the switches nor CPE support the SVC
standard. It is expected that SVC frame relay service will not be available until 1996. Sprint plans
to offer frame relay SVCs during the first half of 1996, while AT&T will offer them by the second
half of 1996.

While developed to handle data traffic, several frame relay vendors sell access devices that
combine voice, fax, and data capability. Some companies, particularly those doing business with
overseas locations, have found it advantageous to carry their voice traffic over frame relay. An
Alaskan company was able to cut its communications costs by $250,000 per year. To be a viable
solution, a company must have a good idea of its volume of data and voice traffic to ensure
acceptable quality of voice transmission.

Switched Multimegabit Data Service

SMDS is a connectionless packet switching service operating at speeds of 56 kbps to 34
Mbps. Through use of addresses, anyone with an SMDS link can transmit data to anyone else
with an SMDS link. This service provides transparent bandwidth-on-demand LAN
interconnection for bursty data transmission via a shared public network. SMDS is designed to
span across LANs, metropolitan area networks (MANs), and WANS. SMDS operations are
performed by CPE such as routers rather than by end-user equipment. The local exchange carriers
(LECs) are deploying SMDS nationwide with long distance services being provided by the
interexchange carriers ([XCs.) Connection to the SMDS network is through a subscriber network
interface which provides the proper protocols, controls traffic, and resolves congestion. SMDS
can use different physical transport mechanisms. Although based upon the MAN distributed queue
dual bus standard (IEEE 802.6), it can also operate over other topologies such as a point-to-point
SONET carrier [BELL95].

Applications are going to drive the SMDS market. The most important early application will
be LAN-to-LAN interconnection. Other applications for SMDS are file transfer, multimedia
interactive computing, and image communications. The major use in the long term will be “casual
connectivity” or access to high bandwidth for bursty data. An important function will be to link
communities of interest. SMDS will not replace private networks. It may be used as a secondary
system when private nets get bogged down or suffer a disaster. It will be a primary network for
smaller customers. Pricing is one of the most complex issues. The Regional Bell Operating
Companies (RBOCs) want usage-based pricing, but some subscribers are against this because they
are unable to predict costs as with flat rates. The result will be a mix of flat and usage-based
pricing. SMDS service must be competitive with T1 and T3 private-line alternatives if it 1s to
succeed.

Bellcore and the RBOCs are pushing SMDS as an elegant solution to the LAN-to-LAN
interconnection problem. They are hoping to use it to combat bypassing and further proliferation
of private networks. Large-scale deployment of SMDS switches is difficult and costly, and may
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also be risky given uncertain market acceptance. The proliferation of new technologies also
complicates investment decisions.

SMDS gives the capability of a totally distributed LAN architecture with no sacrifice in
performance, gives a bursty LAN a point-to-multipoint interconnection, is standardized and well-
documented by Bellcore, has standard billing software, is cell-based with known delays, and can
support voice. However, it has a high initial cost, since new SMDS switches will be needed in
addition to any in place for voice or data services, the inherent complexity will reduce availability
of equipment, and access cost may be high due to large capital investment. It faces a marketing
situation similar to that of ISDN in that it is only useful if all end points can access the net—the key
factor that will inhibit its acceptance.

Synchronous Optical Network/Synchronous Digital Hierarchy (SDH)

SONET/SDH is really a transport interface, not a service. It is a physical layer standard
providing an optical-based carrier network characterized by synchronous operations between the
network components and is suitable for providing high-speed inter-LAN links. SDH is the
Consultative Committee for International Telephony and Telegraphy (CCITT) designation, while
SONET is the American designation. SONET can transport ail kinds of traffic through a
multiplexed hierarchy of transmission speeds from 51 Mbps to 2.4 Gbps, permitting data streams
of varying transmission speeds to be combined or extracted without having to break down each
stream into its individual components [CERF91]. SONET provides high availability and has self-
healing features in the usual dual-ring topology with which it is implemented.  Since it is a
worldwide standard, equipment of different vendors can be interfaced without conversion
operations. SONET is more stable and experiences fewer errors than older asynchronous
networks.

Connection is made to the SONET network through a service adapter or terminal multiplexer.
This device takes traffic from LANs, DS1, DS3, etc. and converts it to a standard format called the
synchronous transport signal. The service adapter can multiplex such signals into higher multiples
of the base rate ( 51.84 Mbps in the United States, 155.52 Mbps in Europe), called OC-1. The
SONET network topology can be a ring or point-to-point. For enhanced reliability, most networks
operate as a dual ring with two optical fibers.

SONET is not designed for any particular type of application — it simply serves as the
physical transport for the bit stream. Protocols, such as ATM and SMDS, riding on the physical
layer deal with application-specific issues. They also handle such items as connection
management, flow control, and error detection and correction. SONET will contribute to the
increased demand for high-speed wide area transport by providing the physical platform for
broadband network services [BLAC94].

By 2000, SONET is expected to replace today’s asynchronous fiber-optic trunk network and
will radically affect the delivery of new services, such as fiber-to-the-curb (FTTC) and broadband
ISDN (BISDN) [RITC91].

FTTC

High-volume installations of optical fiber to the office and home will be commonplace within
six to ten years. The fiber-optics market alone in 1992 was about $2.9 billion and is expected to
reach $4.2 billion annually by 2000. A Bellcore study predicted that FTTC installations will
increase to several million by 2000 and reach 99 percent of public networks by 2025. FTTC
shared architecture (i.e., opto-electronics for several homes is shared at a curb pedestal) will be the
first competitive step for fiber-to-the-home. FTTC has won out as the most cost-effective strategy
for residential fiber deployment. The market will not be a boom, but will see slow, steady growth
for the following reasons:
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* Fiber deployment is currently economical compared to copper only in areas without
connectivity, rather than as a replacement for existing copper lines.

» The technology is mature, so prices will not fall due to technical advances.

* Mass production will not ramp up enough to cause a price breakthrough for radical
deployment [KARP91, KUSH91].

Public Network Growth

Estimates are that between 700,000 and 2 million LANs were in operation by 1995,
encompassing about 30 million PCs and workstations, with 45 percent of the LANSs
interconnected. There will be a move toward public virtual services and a movement of voice
services away from private nets. Figure 1-1 illustrates the changing mix of public-network
services.

Although economics is one of the prime drivers for moving voice into the public network,
other factors are at work as well. These factors include the move toward out-sourcing and the need
to minimize investment in potentially obsolescent technology. Public services can help reduce
investment and network management requirements. The benefits that customers enjoy with virtual
public voice services are possible with virtual public data services.

Relative demand

1990 1995 2000

Year
Figure 1-1. Service Rollout—A Tentative Schedule

The following service characteristics will be required of future network services:

* Large amounts of bandwidth-on-demand

* Fast connectivity to support LAN interconnection
» Usage sensitive and fixed pricing options

* Public service alternative to private nets

* Meet accepted industry standards

» Migratable to new services and technologies
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» Strong network management [SITK91]

Companies are returning to the public switched digital network (PSDN) for two primary
reasons: first, telephone companies and interexchange carriers (MCI, AT&T, and U.S. Sprint) are
offering a wider variety of switched data services and second, tariffs are dropping. The availability
of cheap access to services is spurring renewed interest in the public network. Many companies
are tired of running the sideline business of maintaining private networks and are looking to PSDN
to take back some of the burden. Features of the public services include the following:

Universal access to public network services
Transparent integration with existing applications
Bandwidth management

Automatic bandwidth allocation

Time-of-day allocation

User-interactive allocation

Low usage costs.

* L [ ] L ] ] [ ] L

In deciding between public and private network solutions, trade-off analyses between the two
alternatives must be conducted by planners. In addition to the above factors, the pros and cons of
public and private networks to be considered include [BRIE92]:

*  Number of locations: Public networks tend to be preferred for connectivity among a
large number of sites.

+ Site volume: Low volume is better suited to public networks, whereas high volume
makes installation of private facilities more economical.

*  Equipment: With a public service, capital and maintenance costs are bypassed, and fears
of obsolescence are lessened. However, with privately owned equipment, features and
function can be controlled, subject to the constraints of the public carriers.

*  Access: Public networks can be accessed via dial-up or dedicated facilities. Private-
network facilities are dedicated.

» Staffing: Management of the network is off-loaded using public networks, but there is a
certain loss of control. In the private network case, a special staff must be hired and
trained to manage the network.

* Management: In a public network, there is only limited access to the carrier system for
monitoring and re-configuration. Private network equipment vendors usually provide
feature-rich network management systems.

¢  Cost: Public networks are often more economical for distributed traffic and low volume
sites. They are also more efficient for centralized functionality, such as voice mail and
automatic call distribution. Private networks are more economical for concentrated traffic
and functionality.

Other Technologies

Here we briefly mention some alternative methods for providing increased bandwidth in the
local loop to support such evolving requirements as interactive television, telecommuting
applications, and access to on-line services and the Internet.

Because of the time needed to make fiber-optic cable widely available to residential users,
emphasis is currently being placed on increasing the capacity of existing physical media serving
private residences. One technique using existing twisted pair copper wire is called asymmetric
digital subscriber line (ADSL). Current technology can achieve two Mbps transmission rates and
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AT&T recently announced a new technology that will permit speeds up to six Mbps over existing
copper phone lines. Moreover, standards bodies and the ADSL Forum want to boost those rates to
52 Mbps which would be able to easily map into an ATM-based broadband switching network.
However, widespread implementation of such high data rates is at least five years away. While
ADSL equipment now costs $2,000 to $3,000 per subscriber line, some vendors are claiming that
those costs will be under $600 by the end of next year. This compares with a cost of $3,000 to
$5,000 per line for optical fiber, although these costs will also decrease over time [SWEE95a].

Another technology is a hybrid fiber/coaxial cable solution. In this arrangement, optical fiber
would be provided to an optical feeder node in a neighborhood with the final connection to
individual residences being made using coax cable. This minimizes the amount of fiber needed and
assures that the bandwidth of the fiber will be more fully utilized since it will carry the aggregate
traffic of all the residences serviced by the optical feeder node. One vendor's system permits each
optical node to serve up to 500 homes. These systems would be capable of providing up to three
Mbps of return traffic to a cable operator's head end to be used for interactive services.

A third alternative that may find wide application in areas of lower population density, or
even within areas of cities that are not wired for cable, is high-frequency wireless access, also
called a wireless local loop. These systems operate in the 28 GHz frequency range to provide
cellular access and interactive multimedia services. One company, CellularVision of New York, is
currently providing cable services to a rapidly growing subscriber base (over 5,000 in November
1995) in a section of Brooklyn, NY. In addition to commercial licenses for New York City, the
company holds licenses for test trials in Los Angeles [PHIL94, SWEE95b, IPNE96].

2.1.3 Asynchronous Transfer Mode

ATM was not discussed in either of the preceding two subsections because it can be used to
support both LAN and WAN applications. It is a switching and multiplexing protocol enabling 2
mixture of data, voice, video, and image traffic to be carried simultaneously over a single
broadband network. ATM is a connection-oriented service that combines circuit and packet
switching through a random or statistical multiplexing scheme that provides the required data rate
and latency for each of its constituent data streams. The individual 53-byte cells into which the
data are packaged are routed to their destinations by means of address headers. ATM is able to
provide high transmission rates because it performs only limited error detection and provides no
retransmission services. It resides on top of the physical layer of the network so that, while
SONET is the preferred means of transport, ATM can also run over DS3, FDDI, or other physical
layers. The International Telecommunications Union has selected ATM running over SONET as
part of their specification for broadband ISDN (BISDN) [BELL95].

The many network applications that will be facilitated by ATM include real-time video for
desktop videoconferencing, video training, remote medical imaging, and simultaneous access to
complex database and graphical files. ATM can also handle combinations of these activities, for
example, providing video and voice of participants during a work session where documents or
graphics are being viewed and changed simultaneously by the group members. Such combined
activities are usually referred to as multimedia. All of the foregoing applications are characterized
by the requirement for large bandwidth and low delay.

Many vendors are developing bridges, routers, and hubs that will enable customer equipment
to connect to ATM networks. Because of the large installed base of existing packet networks,
ATM will not replace them outright. Instead, ATM will at first be used to interconnect these
existing LANS, gradually extending from the backbone to the user premises and eventually to the
desktop. The pace of ATM expansion will be dictated by the time needed to standardize the
interface between packet-based and cell-based networks [CLAR93}.



A matrix showing the defining characteristics for some of the above technologies is presented
in Table 1-1.

2.1.4 Costs

Telecommunications costs, both for equipment and services, have been falling and will
continue to fall. It is impossible to know with any accuracy how far they will fall, although some
experts are predicting dramatic drops. For example, George Gilder predicts, “... within seven
years, as much as a tenfold drop in the real price of telephony” [GILD95].

Ultimate prices will depend on the demand and number of competitors providing the same
product or service. Some anecdotal information is available on the recent rate of price reductions
for particular products and services. Sprint recently cut the cost of its frame relay service. A 56/64
kbps port and economy class PVC cost $319 per month with additional PVCs costing about $33
per month. Use of frame relay service can reduce telecommunications costs of a company by up to
80 percent through the elimination of multiple local loops and multiple interexchange carrier
connections in parallel. Multiple lines can be consolidated on a single T1 line using frame relay.

The costs for dedicated long-haul T1 lines have come down substantially in the past five
years or so. For example, there was more than a thirty percent reduction in monthly lease costs for
a 500-mile intra-state inter-local-access-and-transport-area line from 1989 to 1993. During the
same period, RBOC rates for short-distance special access T1 lines fell even more dramatically,
decreasing more than 80 percent for distances under six miles. A two-mile long T1 that cost $750
per month in 1989 was available in 1993 for $105. The price reductions for longer distances were
more modest, but prices still fell by more than half for lines up to 100 miles in length. The reason
for the greater reductions at shorter distances is probably due to competition from alternative access
providers.

ISDN adoption is still somewhat hampered by relatively high prices and a multi-part pricing
structure. A card to connect a PC to an ISDN line costs $599, while a device to route Ethernet
traffic to Internet over ISDN is $900 for single user, $1500 for multi-user system. ISDN
telephone sets cost about $500, data adapters about $1000 vs. about $100 for an analog modem.
The pricing for ISDN service has three components: installation, subscription, and usage.
Monthly charges range from about $25 to $100 — two to three times the rate for analog lines. Cost
of service remains rather high because of the usage charge in addition to the monthly charge. The
cost of using ISDN is increased further by Federal Communications Commission (FCC)-imposed
subscriber line charges which are currently $3.50 per month for each channel for residential
customers, and $6 per month for business customers. These charges can add 20 to 50 percent to
the cost of an ISDN circuit. The FCC is examining its policy and will explore options ranging
from the current system to instituting a single charge for each ISDN circuit [FRAN95].

Costs for ATM equipment have also been dropping rapidly. A network interface card that
cost $4,500 in 1993 was $3,000 in 1994, and was available in April 1996 for less than $300
[VARB96]. We can expect such price reductions to continue. In one metropolitan area 45 Mbps
ATM service was being offered in 1994 at a flat monthly rate of $4,500 by MFS Datanet. Sprint is
offering a 45 Mbps connection between two cities on opposite coasts of the United States for about
$60,000 per month [WILS94].

There are a couple of long term trends in pricing structure worth noting. As the Internet
moves away from being subsidized by the government toward self-sufficiency, there is a desire on
the part of the carriers to institute usage-based fees rather than the flat fees that are currently being
charged. There are different ways in which this can be accomplished; for example, there could be
a volume-based per-packet charge or users could pay different rates depending upon the class of
priority service they wanted to ensure that messages get through even in the face of network
congestion.
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There is 2 movement among long-distance carriers to move from distance-sensitive to so-
called "postalized” rates where the price of a telephone call would depend only on call duration and
not on distance. AT&T recently received approval to offer domestic rates of 15 cents per minute
during off-peak hours and 26 cents during peak hours. Sprint is offering nationwide long distance
rates of ten cents per minute off-peak and 22 cents during peak hours. Both of these rate plans are
available for residential subscribers only. LCI International has been offering postalized rates for
more than two years and credits this pricing strategy with helping it double revenue since 1991.
The Cambridge Strategic Management Group claims that such postalized rates are just a step
toward ultimately having flat subscription rates for unlimited calling, which would extend to the
long-distance arena a pricing scheme that is available now in the local area [LYNC95].

Whatever rate structures are used, it seems clear that prices will continue to fall so that
eventually transmission costs will be almost negligible. Most carriers are realizing that they will
not be able to compete and will not make money simply by transporting bits from one location to
another. Transmission will be charged essentially at cost and the carriers will have to offer an
array of value-added services to make a profit.

2.1.5 Regulatory Environment

This year, Congress has passed the Telecommunications Act of 1996, replacing the
Communications Act of 1934 that has regulated telecommunications activity since that time. The
new law will result in competition at all levels of the industry, and may bring more dramatic results
than did the breakup of the Bell System in 1984. It is impossible to predict the outcome because
the ground rules for conducting business will be totally different. There will undoubtedly be a
somewhat chaotic period during which customers will be overwhelmed with the array of choices
available to them. Prices will be wildly changing and service may be unpredictable and disjointed
while companies change direction, merge, and expand to take advantage of new opportunities that
emerge as regulatory constraints are removed. The two key provisions of the new legislation are:

* Long distance companies and cable TV companies can offer local voice and data service.
* Local phone companies can offer video service and long-distance voice and data service.

Some consumer groups are concerned about the timing of these provisions. They feel that
until there are viable competitors who can offer local service comparable in quality to that offered
by the local exchange carriers (LECs), the LECs should not be allowed to enter the long-distance
arena. Also complicating the picture is the fact that many of the LECs' potential rivals — cable
television operators, cellular, and personal communication system providers — are owned by the
RBOCs. Advocates of the legislation claimed that deregulation will produce a flood of competitors
offering a huge array of products and services, which will result in a lowering of
telecommunication costs. Time will tell which view proves to be correct.

Some people are concerned that most new competitors will lack the capabilities and expertise
expected by corporations, e.g., in the area of billing systems. It is difficult to establish an effective
billing system that can provide the level of call-record detail needed by companies to properly
charge their communication costs back to the calling party's subunit within the organization. This
difficulty was demonstrated recently in the case of the Federal Telecommunications System 2000
system. This government-wide long-distance service was years behind in the development of its
billing system, and the carriers involved both have long experience in billing for long-distance
services: AT&T and Sprint.

The establishment of competition locally should speed the introduction of new technology
into central offices and local loops as competing service providers vie for market share. For
example, long distance carriers offered frame relay service several years ahead of the RBOCs.



Eventually, most service providers will offer complete packages of communication and
information services. The possibility of one-stop shopping should appeal to both residential and
commercial customers who do not want to go to five different places to obtain local, long distance,
cable, video, and wireless services.

In general, it is felt that competition will result in more services at lower prices, though some
are worried that quality may suffer. Deregulation will cause carriers to organize their business
offerings around markets instead of around service classifications artificially imposed by
government regulations [THYF95].

2.2 FUTURE APPLICATIONS
2.2.1 Application Requirements

The application requirements for an underlying high-performance data network include
geographical distribution of nodes, the transmission of large amounts of data, and low latency (the
delay between initiation of an action and the response). It is the combination of large data transfers
and low latency that demands gigabit networks, for example, supercomputer networking, remote
visualization, and virtual reality. Potential gigabits-per-second applications can be characterized by
locating them within a delay sensitivity vs. data volume chart as shown in Figure 1-2.
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Figure 1-2. High Performance Applications —
Delay Sensitivity and Data Volume Characteristics

Source: IEEE Network Magazine, March 1992

The increased demand for bandwidth is the result of activity in many areas, from scientific
computing to increased use of telecommuting. Ironically, the bandwidth abundance that has been
predicted by many will actually cause an increase in network traffic. This is because the existence
of gigabit networks will allow application designers to treat computing resources at diverse
locations as elements of a single system rather than viewing them as just a network of computers.
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The term metacomputer has been used to refer to such a multicomputer environment where the
network plays the role of a computer backplane, much the way the actual backplane or bus
connects the various components (e.g., CPU, memory, storage, and display) of a single computer.

Gigabit applications can be classified as follows:

* Constrained latency services: These are necessary for human interaction (voice and video),
process control, and remote sensing. This kind of information is worthless if it does not
arrive within a certain time. For example, voice conversation requires immediate response
between the two calling parties. There are also often constraints on latency variation
(jitter).

* Transaction services: These occur in distributed systems, such as distributed operating
systems, databases, or reservation systems. Examples include queries and remote
procedure calls. They require low latency because the client is typically blocked while
waiting for a response. This type of service is bursty in nature and requires small or
moderate amounts of data to be transmitted.

* Bulk data: Large amounts of data transmitted between computers. Generally, all data must
be received reliably before the receiving application can proceed, but loose latency
constraints are acceptable for higher efficiency [CERF91].

2.2.2 High-Performance Network Applications

There will be an extensive use of digital image transfer in science, medicine, business,
finance, government, education, and national security. Example applications are those involving
high-definition 3-dimensional imaging where a user needs to interact with the image on screen or
vary some parameter manually while simultaneously seeing the effects of the change. This will
require the transmission of several screens per second with acceptable latencies of fractions of a
second. The need for gigabit networking occurs when these images must be generated remotely.

Supercomputer centers, such as the National Center for Supercomputer Applications (NCSA)
in Hlinois, will be pioneers in the use of gigabit networks. Computing-intensive scientific
applications include fluid dynamics computations arising from meteorological and oceanic studies,
molecular chemistry, coupling a distant radio astronomy antenna array to the local supercomputer,
and remote seismic array access. One atmospheric-oceanic model run by scientists at UCLA uses
two supercomputers, one for each region, with the need to communicate boundary conditions
between the two models. In order to achieve the benefit of using two machines, this information
needs to be transmitted at a rate of at least one Gbps to avoid slowing the computations by
requiring the processors to wait for the needed data.

A major new enabling technology is the multimedia digital library with a gigabit network to
access it. Data storage for global climate models, for example, will be measured in terabytes.
NCSA is developing such a library. Another major scientific application is data navigation, of
which example data sets include the Earth Observing System (EOS) databases, distributed
atmospheric visualization, earth crust multi-database integration and imaging, and terrain
navigation using on-line satellite imagery. Indeed, the collection, analysis, and distribution of the
massive amounts of projected EOS data has direct relevance to NASA. This will be discussed
below in the subsection on impacts to NASA of evolving technologies.

A medical application is real-time planning of X-ray dosing requirements. Three-dimensional
models are needed to compute the best path and intensity to deliver a toxic dose of X-rays to the
cancerous area of the patient while causing minimal damage to healthy cells in the X-ray path.
Faithful rendering of a diagnostic X-ray may require a 4,096-by-4,096 pixel display with 16 bits
of gray scale requiring 256 megabits. A typical set of diagnostic X-rays involves 10 to 50 images,
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which amounts to between 2 and 10 gigabits of information. Since the computer needed to plan
the dosing will likely be located away from the room where the therapy is being carried out, a high-
speed transmission medium is needed to link the X-ray equipment with the computer [CATL92).
Image transmission must be done in a few seconds. While compression techniques can be
employed, physicians are reluctant to make diagnoses from compressed images. As the health care
industry becomes more decentralized, the need for digital storage technology and public gigabit
networks will increase.

In the business arena, increased demand will result from multimedia applications, such as the
combination of videoconferencing with interactive editing of documents and sharing of imagery
among individuals at a number of diverse locations. In addition, sending video clips, such as
Quick-Time movies, and sound files requires high transmission rates to deliver this information
without delays that will be considered excessive by the end user.

Another factor that will cause an increase in demand for bandwidth is the growing popularity
of telecommuting. Using portable computers, cellular phones, and fax machines, salesmen, for
example, can often work out of their homes and cars without the need for an office. Companies
adopting this mode of operation provide shared office space or cubicles that are assigned to
workers who come into the office on an as-needed basis, much the way hotel rooms are rented.
While the bandwidth required by individual workers is generally rather modest, the aggregate
demand resulting from the increasing number of telecommuters will require telecommunications
carriers to augment network capacity to handle the additional traffic.

The continued high rate of growth of the Internet will drive the expansion of data networks
based on Transmission Control Protocol/Internet Protocol (TCP/IP). This expansion will be
discussed in detail below in subsection 2.3.3.

The net result of the above factors on required bandwidth is impressive. In the business area
alone, a survey of Fortune 500 companies conducted by the Cimi Corporation predicts that by the
year 2000 the full-time bandwidth required by professional workers at those companies will
increase to 27 Mbps from today's figure of 2.5 Mbps. This represents a compounded annual
growth rate of 60 percent.

2.3 EMERGING TECHNOLOGIES
2.3.1 Wide Area Networks
Broadband ISDN (BISDN)

BISDN consists of ATM switching and multiplexing and the SONET physical layer protocol.
It promises a common network for all information and communications services, rather than
different nets for different services [RANS92]. It relies upon a cell-based technology. Since cells
are fixed in length, the delay can be determined, and thus voice and video can be supported.
BISDN is targeted for multimedia applications at speeds up to hundreds of megabits per second
and is structured to allow operation at arbitrarily high bit rates. It is based on the SONET optical
transmission standard in the U.S. It will initially support 155 Mbps (OC-3), 622 Mbps (0OC-12),
and 2.4 Gbps (OC-48) SDH rates with a 4.8 Gbps SDH rate to be introduced later. The
infrastructure will actually support rates of up to 100 Gbps.

High-Speed Circuit Switching (HSCS)

HSCS provides dial-up digital data transmission at T1, T3, and higher rates. Pricing is
based on usage. It requires several seconds of dial-up time and is not good for instantaneous
access. The principal advantages to HSCS are that it uses existing network elements, that it is a
very low-cost interim solution, and that provision and reconfiguring are fully automated. The
principal disadvantages are that it is not good for bursty traffic and dial-up and teardown
procedures waste user time and effort [CHEN92].
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Fiber-in-the-Loop (FITL)

FITL refers to fiber-optic lines replacing copper in subscriber telephone loops for ordinary
services now and broadband services in the future. Optical fiber cabling to individual homes is
now being installed. In the U.S., fiber lines now total more than 3 million km. It is cost-
competitive with RG-59 coaxial cable. Feeder portions of subscriber loops (i.e., the line from the
central office to a remote terminal near homes) have been installed at reduced costs since 1982.
Each carries 45 Mbps or higher. The 1989 cost of installing fiber to an individual home for “plain
old telephone service” (POTS) was about double the $1,500 accepted industry objective. This cost
has not dropped as rapidly as other costs in the industry. As of September, 1995, one company
estimated the cost of supplying fiber to the home for ordinary telephone service at $2,050 ($1,050
for FTTC.) Other estimates range from $3,000 to $5,000 per line [SWEE95b]. For comparison,
1989 costs for copper-based telephony were $900 to $1400, and $600 to $900 for cable television
coax.

Single-mode fiber has almost limitless bandwidth and is compatible with all wavelength
division multiplexing (WDM) and all modulation techniques (including microwave subcarrier and
analog). Single-mode fiber is free from optical interference effects due to the use of lasers as
sources. An FITL architecture will be similar to the current twisted pair architecture. Light-
emitting diodes (LEDs) and semiconductor lasers are being studied as sources. LEDs are more
reliable, but lasers offer higher output power and frequency. Experiments in the early 1990s
demonstrated that LEDs could attain 2 Gbps rates. In mid-1995 Oki Semiconductor brought to
market single-mode laser diodes capable of 1.5 Gbps transmission rates at wavelengths of 1310
and 1510 nanometers for use in trunking applications [NACH95]. However, requirements are
different for FITL than for long-haul networks. First, fiber distance is less, i.e., kilometers
instead of tens of kilometers. Second, loop lasers thus require less power, about 100 microwatts
compared to 500 microwatts for long-haul. Third, loop lasers must be more reliable at higher
temperatures, 70 degrees Centigrade or higher. Long-haul lasers are thermoelectrically cooled,
which requires 1 to 2 watts each. The design objective is to minimize power dissipation per
subscriber to 4 to 6 watts.

In early 1996 Lucent Technologies, spurred in part by the move to fiber in the local-access
loop, introduced two laser transmitters and a receiver. One of the transmitters is SONET/SDH-
compatible for operation up to 650 Mbps. Because the transmitters need no thermoelectric cooling
device, they take less space and power than competitive parts that require active cooling. In an
effort to cut costs, vendors are also developing vertical-cavity surface-emitting lasers. These
devices are difficult to make in wavelengths of 1300 and 1500 nanometers but will probably be
useful in the shorter wavelengths of 800 or 850 nanometers for short-distance data
communications applications [BASS96].

2.3.2 ATM
The ATM Forum outlines the benefits of ATM as follows:

* One network for all traffic.

* Enables new applications.

* Compatible with current cable plant.
* Incremental migration capability.

* Simplified network management.

* Long architectural lifetime.
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For these reasons, as stated earlier, many experts are predicting that ATM is the high-speed
networking technology of the future. Progress is being made in the development of key standards
and prices are decreasing for ATM products and services. Through incremental changes, it will be
possible to eventually have a truly end-to-end network extending from the desktop all the way to
the WAN level. Through the use of virtual paths and circuits and a standard cell size, much of the
required ATM switching can be done directly in hardware without software processing, thereby
saving both time and money. By providing bandwidth-on-demand, or scalable bandwidth, ATM
permits users to pay for high bandwidth only when they need it.

Until now, use of ATM has primarily been in the experimentation and demonstration stage.
While many organizations are now beginning to move toward ATM solutions to their networking
problems, it is estimated that it will be another two years before all the equipment needed for full
implementation of ATM networks will be readily available. However, some organizations, such as
the University of Virginia are already using ATM. The university has installed a 100 Mbps link
from a computing facility into an operating room to allow surgeons to plan and simulate brain
surgery. They also have installed 155 Mbps links to two hospitals on the other side of the Blue
Ridge Mountains to transmit computed axial tomography scans and X-rays to trauma experts
located at the university.

Today, LANs are interconnected through packet-based bridges and routers which must
accommodate a range of packet sizes. While fairly simple to implement, these network
components can introduce varying transmission delays which, while not a problem for data, cause
difficulties for time-sensitive voice and video traffic. ATM can transmit voice and video traffic at
constant bit rates thereby avoiding delays that may cause the quality of the received voice or video
to be unacceptable. ATM is also scalable. That is, it can increase the bandwidth available for
transmission without requiring a change in the information format. Current LANS, by contrast, do
not scale easily. To provide more bandwidth, it is usually necessary to go to a different technology
or architecture, such as replacing a single large Ethernet with several smaller ones linked by an
FDDI backbone. Since ATM can run over different physical transmission media, it can
accommodate speeds from 45 Mbps up to gigabits per second using the same cell format and cell
switching technologies.

Operational Description

The ATM protocol has three layers that replace the first three layers of the familiar Open
Systems Interconnection seven-layer protocol model (Physical, Data Link, and Network). The
new layers are called the ATM Physical Layer, the ATM layer, and the ATM Adaptation Layer
(AAL). The Physical Layer includes the physical interfaces, media, and the information rates used
to transport information cells over the network. ATM can be carried on many physical layers,
including the existing physical layer of other technologies. Because of this and the need for high
bandwidths, a complementary relationship has formed between ATM and SONET. Since SONET
has been accepted as an international standard, the association of the two technologies makes sense
for achieving a worldwide multimedia capability using the public switched network.

The ATM layer defines the 53-byte cell structure consisting of 48 information bytes and a
five-byte header containing channel and path information, plus flow control, payload type, and
error detection information. The key information in the cell header is the virtual path identifiers
(VPI) and virtual channel identifiers (VCI). This information tells the ATM switches which path
and channel the cell belongs on. The use of these paths and channels is key to enabling ATM to
provide high-speed, flexible service. Once these connections are established throughout the
network, the cells are switched through hardware rather than software, resulting in very low
latency. This allows the ATM switches to be independent of the Network Layer protocols such as
Internet Protocol (IP), extended Internet Protocol (IPX), and AppleTalk.
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Instead of addressing cells to individual destination devices, ATM addresses them to virtual
channels and virtual paths. A virtual path is simply a grouping of a number of virtual channels.
The term virtual is used because, through the use of time-division multiplexing, many channels and
paths can exist simultaneously on the same physical cable. When several virtual channels are
destined for the same node, they can be designated as a single virtual path. This simplifies
switching, since intermediate switches only need to examine the VPI rather than individual VCls.
Only the final switch needs to look at the VCI to route the cells to the proper workstation.

Virtual channels are further divided into two types: permanent (PVC) and switched (SVC).
PVCs require manual intervention to be set up, being pre-configured by an administration function.
In this way, they are similar to static routes in packet-based networks. SVCs are dynamically
created through a signaling protocol that requests that connections be set up and torn down. The
use of SVCs permits ATM networks to operate much like today's LANs. While PVCs can be used
with WAN:Ss, the frequency of LAN changes requires the use of SVCs. Since PVCs are much
easier to specify and implement, the original ATM Forum standard specified only this type of
circuit. At a later time they will address standards for SVCs. (See the following subsection for a
description of an initial limited SVC standard for static networks.)

Finally, the AAL provides the link between the ATM cell and higher layer services, such as
SMDS. It prepares higher layer data for conversion to cells and then segments the data into 53-
byte cells. At the receiving end, the AAL recombines the cells to reconstitute the higher level data.
Since ATM is capable of carrying voice, video, and data, four classes of AAL have been developed
to handle traffic according to bit-rate (constant or variable) and timing (critical or not) requirements.
For example, real-time video signals use AAL 1 since they require a constant bit rate and timing is
critical.

Interoperability and Standards

Since ATM is intended to function over the public switched network worldwide, it is
important to insure interoperability across networks. Several organizations are involved in
development of ATM standards that will facilitate the required interoperability. The Technical
Committee of the International Telecommunications Union (ITU-T) has developed relevant
standards, mostly in its I series of recommendations for BISDN. The Institute of Electrical and
Electronics Engineers (IEEE) and the American National Standards Institute (ANSI) also
promulgate standards. Since these deliberative bodies often take years to reach consensus on
standards, a group of vendors felt it necessary to agree more quickly on common interfaces so that
their products would work together. Consequently, to develop specifications for ATM, a number
of companies formed the ATM Forum in 1991. Today membership exceeds 700 companies
worldwide representing telecommunications and data communications vendors, carriers, service
providers, and end users. The Forum defined two types of interfaces: a User-Network Interface
between end stations and switches, and a Network-Network Interface between ATM switches. A
number of working groups and sub-working groups were formed to deal with the various aspects
of an ATM network including signaling, traffic, alternative physical media, integration with frame
relay and SMDS, network management, and testing.

Several key standards were expected to be approved in late 1995. One is a LAN emulation
interface standard that would allow a network running the ATM protocol to handle Ethernet and
Token Ring LAN protocols. As of February 1996, this standard was scheduled for a final
working group vote in April 1996, followed by presentation to the full membership [ATMF96]. In
the meantime, vendors have already been offering LAN emulation products. In September 1995,
Efficient Networks Inc. began shipping software to implement the ATM Forum's proposed LAN
emulation standards for servers [WIRB95].

In May of 1995, the ATM Forum approved a standard that enables multi-vendor ATM switch
interoperability in static networks. It permits the support of SVCs. Previously only the use of
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PVCs enabled communication to take place over switches manufactured by different vendors.
Now, instead of requiring that every end-to-end circuit be set up manually, only the switch-to-
switch routing tables need to be configured manually. The end-to-end circuits can then be
established and torn down on an as-needed basis.

During 1994, the ATM Forum approved three physical layer standards for transmission over
unshielded twisted pair (UTP) copper wire. These standards cover 155 Mbps links for point-to-
point communications between ATM user devices and ATM network equipment, 1.544 Mbps
(DS1) links constituting the user-to-network interface, and a sub-100 Mbps to 155 Mbps universal
test and operation physical interface for ATM.

Another standard established in 1994 allows the interoperability of SMDS and ATM. It will
permit users with SMDS at one site to send traffic to carrier ATM networks or to another site
running ATM. Several vendors already offer CPE with the SMDS-to-ATM capability. At present,
the SMDS traffic has to use a designated port on the user-to-network interface to enter the ATM
network. A future standard will define the translation of SMDS cells to ATM cells to achieve true
interworking. The present scheme defines SMDS as a connectionless protocol riding over an ATM
transmission medium [GARE94].

The Frame Relay Forum and the ATM Forum have approved a new standard that will allow
frame relay and ATM to be used in the same network without the need for the customer to do any
protocol conversion. This will allow the interconnection of sites operating at relatively low speeds
using frame relay with data-intensive sites using high-speed ATM. Companies will now have the
option of using ATM where it is needed without incurring the expense of installing it everywhere.
This capability will permit the gradual introduction of ATM as organizations evolve toward an all-
ATM configuration in the future. AT&T began offering ATM-to-frame-relay interworking in
December 1995 and Prudential was testing the service in January 1996. Sprint has been offering
the service since November 1995. MCI Communications Corp. and LDDS WorldCom have said
they will offer the capability in the first half of 1996 [REND95, REND96].

Prices

Most organizations are waiting for prices to come down before committing to ATM. Of
course, prices will not start to rapidly decrease until there is sufficient demand. The price structure
for ATM services now varies greatly from one provider to another. However, price decreases are
anticipated. MCI has promised to institute usage-based pricing in 1995. Also, there were
estimates that by the end of 1995 the price of a 155 Mbps adapter card would drop from more than
$1,000 to $500 or less. In April 1996, ATM Inc. announced an ATM interface card for between
$200 and $300 [VARB96].

Because of its newness, most carriers currently offer ATM services on a case-by-case basis
using four classes of service. Class A is designed for voice and offers the reliability of a private-
line connection. Class B is suited for video, while Classes C and D are for data. Prices for these
different services can vary widely, which does not please customers. In an attempt at uniform
pricing, MFS Datanet Inc. offers a flat monthly rate of $4,500 per site within a metropolitan area
served by its 45 Mbps ATM network. Likewise, Sprint has published two examples of pricing for
wide-area ATM: a three-node 45 Mbps connection between San Francisco, CA, Atlanta, GA, and
Chicago, IL costs between $55,000 and $75,000 per month, while a connection between Seattle,
WA and Miami, FL costs between $51,000 and $62,000 per month [WILS94]. More recently, a
10 Mbps connection between Orlando, FL. and Burbank, CA cost one company $35,000 per
month [CARU96].

Hybrid Systems

Because of the attendant expense and effort, adoption of a new technology is generally
difficult if it requires that existing equipment be replaced all at once. One of the attractive features
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of ATM mentioned earlier is that it permits gradual migration to an all-ATM network. This permits
an orderly phaseout of the old technology.

The existence of standards such as the SMDS-to-ATM specification and the frame relay-to-
ATM interworking implementation agreement described above facilitate the implementation of
hybrid systems. By transporting SMDS over ATM, users can combine their connectionless data
services with the bandwidth guarantee provided by ATM circuit switching technology. Factors
such as price, transmission rate, and service characteristics make SMDS, frame relay, and ATM
attractive in different applications. The existence of hybrid interface specifications allow users to
base their networking decisions on those factors at each location rather than having to implement a
uniform solution to ensure interoperability among the various sites.

Other types of hybrid arrangements also have arisen. Several organizations have been using
frame relay networks to carry voice traffic, a use that was not envisioned when frame relay was
developed. Also, some private branch exchange (PBX) vendors are adding data interfaces to
permit a PBX to function as a central voice, data, and video switch. The result will be a
consolidation of voice and data on the same trunk, enabling users to interwork with a carrier’s
ATM network [PAPP95].

LAN Applications

Although designed as a WAN technology, ATM has been finding application as a LAN or
LAN backbone to alleviate the increasing demand for bandwidth in the LAN environment that is
outstripping even 10 Mbps Ethernet capability. Indeed, Cimi Corporation, a consulting firm,
estimates that the needs of information workers for dedicated bandwidth will rise from 2.5 Mbps
today to 27 Mbps by the end of the decade. This represents a 60 percent annual rate of growth. A
survey by the Yankee Group found that LAN internetworking was the most important reason cited
for implementing ATM, followed by networking of images, multimedia applications, and video.

Carnegie Mellon University is planning to implement a backbone ATM LAN, and as with
many such applications, initially it will interconnect Ethernet clusters. Later, there will be an
evolution to supporting direct ATM interfaces at workstations. Most organizations are being
cautious about extending ATM to the desktop until products are developed that permit ATM to run
efficiently over existing copper wiring. As mentioned above, some physical layer standards have
already been approved by the ATM Forum for running ATM over unshielded twisted pair wire.
Such standar